OBJECTIVE -The purpose of this study was to determine whether type 2 diabetic patients have more liver fat than age-, sex-, and BMI-matched nondiabetic subjects and whether liver enzymes (serum alanine aminotransferase [S-ALT] and serum aspartate aminotransferase) are similarly related to liver fat in type 2 diabetic patients and normal subjects.
I
t has been estimated that ϳ70 -80% of type 2 diabetic patients have nonalcoholic fatty liver disease (1,2). In addition, 9 of 12 prospective epidemiological studies have shown that elevated serum liver enzyme concentrations predict type 2 diabetes independent of obesity (3). These data thus suggest that liver fat content is increased in patients with type 2 diabetes compared with equally obese nondiabetic subjects. To date, only one study has addressed this question (4). In this study, liver fat was measured qualitatively using the liver-to-spleen attenuation ratio (4). Liver fat was increased in type 2 diabetic patients compared with 10 weight-matched normal subjects (4). The small number of normal subjects, however, prevents any firm conclusions from being drawn.
Clinically, it would be helpful to have a simple measure of liver fat in patients with type 2 diabetes, as liver fat is closely correlated with insulin requirements (5,6) and may be an important parameter to consider when choosing patients for peroxisome proliferator-activated receptor-␥ agonist therapy (7, 8) . Serum alanine aminotransferase (S-ALT) correlates with liver fat content in nondiabetic subjects (9,10), but whether S-ALT relates to liver fat similarly in type 2 diabetic patients has not been examined.
In the present study, we studied a group of 70 type 2 diabetic patients and a group of 70 nondiabetic subjects matched for age, sex, and BMI. Liver fat content was measured using proton magnetic resonance spectroscopy, and body composition was measured using magnetic resonance imaging. In addition, measures of glycemia and insulinemia, serum lipids, and serum liver enzyme concentrations were determined. The data show that in type 2 diabetic patients compared with nondiabetic subjects, liver fat is increased independent of obesity and fat distribution and that S-ALT underestimates the amount of liver fat.
RESEARCH DESIGN AND
METHODS -A total of 70 nondiabetic subjects and 70 type 2 diabetic patients were recruited by newspaper advertisements and by contacting occupational health services in Helsinki based on the following inclusion criteria: 1) aged 18 -70 years; 2) no known acute or chronic disease based on history, physical examination, and standard laboratory tests (blood counts, serum creatinine, thyroid-stimulating hormone, electrolyte concentrations, and electrocardiogram); 3) alcohol consumption Ͻ20 g/day; and
4) no evidence of hepatitis A, B, or C or of autoimmune hepatitis or clinical signs or symptoms of inborn errors of metabolism or history of use of toxins or drugs known to induce hepatitis. Exclusion criteria included proliferative retinopathy and use of antihypertensive agents that could possibly influence glucose metabolism (␤-blockers and thiazides) or of thiazolidinediones. A total of 13 nondiabetic subjects and 32 type 2 diabetic patients received antihypertensive medications (ACE inhibitors or calcium channel blockers). A total of 31 type 2 diabetic patients were treated with diet alone, 17 were treated with metformin, and 22 were treated with a combination of metformin and insulin. Five nondiabetic subjects and 22 type 2 diabetic patients were receiving statins. For the insulin-treated patients, additional inclusion criteria included stable body weight and insulin dose for at least 6 months. Data for nondiabetic subjects (9) and for 46 of the type 2 diabetic patients participating in treatment studies (5,6,11) have been reported previously. For the latter patients, only baseline data are included. The study protocol was approved by the ethics committee of the Helsinki University Central Hospital, and each participant provided written informed consent.
Liver fat content (proton spectroscopy) Liver fat content was measured by proton magnetic resonance spectroscopy as described previously (5). This measurement has been validated against histologically determined lipid content (12) and against estimates of fatty degeneration or infiltration by X-ray computer-assisted tomography (5). All spectra were analyzed by a physicist in a blinded fashion. The reproducibility of repeated measurements of liver fat in nondiabetic subjects studied on two occasions in our laboratory is 11% (13) .
Measurements of body composition
Intra-abdominal and subcutaneous fat content were determined by magnetic resonance imaging as described previously (5). Percent body fat was determined using bioelectrical impedance spectroscopy (14) . Waist circumference was measured midway between the spina iliaca superior and the lower rib margin (15) .
Analytical procedures
Plasma glucose, A1C, serum free insulin, fasting serum C-peptide, fasting serum HDL cholesterol, fasting serum triglyceride, fasting serum LDL, fasting serum free fatty acids, serum aspartate aminotransferase (S-AST), and S-ALT concentrations were measured as described previously (9) .
Statistical analyses
Non-normally distributed data were used after logarithmic (base 10) transformation. If distributed normally, data are shown as means Ϯ SEM, whereas nonnormally distributed data are shown as median and the interquartile range (25th -75th percentiles). An unpaired Student's t test was used to compare mean values between the groups. ANCOVA was used to compare slopes and intercepts of regression lines for the nondiabetic subjects and the type 2 diabetic patients and for comparison of liver fat in the type 2 diabetic patients treated with diet, with metformin, or with insulin-metformin combination therapy. If neither the slopes nor the intercepts differed between the groups, a common regression equation was calculated. Correlation analyses were performed using Spearman's nonparametric rank correlation coefficient. AN-COVA was used to adjust for intraabdominal fat content. Calculations were performed using GraphPad Prism (version 4.00 for Windows; GraphPad Software, San Diego, CA), and SPSS 14.0 for Windows (SPSS, Chicago, IL). P Ͻ 0.05 was considered statistically significant.
RESULTS -Nondiabetic subjects and type 2 diabetic patients were equally obese and similar with respect to age and sex (Table 1 ). The type 2 diabetic patients had higher fasting serum insulin, fasting serum triglyceride, and fasting serum free fatty acid concentrations and lower fasting serum HDL cholesterol concentrations that the nondiabetic subjects. The type 2 diabetic patients had ϳ16% more intra-abdominal and ϳ80% more liver fat than the nondiabetic subjects. The difference in liver fat remained significant even after adjustment for intra-abdominal fat content (P Ͻ 0.05). Relationships between body composition and liver fat content Liver fat content was significantly correlated with BMI and waist circumference in the type 2 diabetic patients and in the nondiabetic subjects (Fig. 1) . At any given BMI or waist circumference, the type 2 diabetic patients had significantly more liver fat than the nondiabetic subjects. The type of antihyperglycemic therapy had no impact on these relationships (data not shown). At a BMI of 25 kg/m 2 , the type 2 diabetic patients had ϳ40% more liver fat than the nondiabetic subjects. This difference rose gradually as a function of BMI. For example, at a BMI of 40 kg/m 2 , the type 2 diabetic patients had 80% more liver fat than the nondiabetic subjects. A similar phenomenon was observed when waist was plotted against liver fat. For example, at waist circumferences of 85 and 140 cm, liver fat content was 50 and 90% higher in the type 2 diabetic patients than in the nondiabetic subjects, respectively. Intra-abdominal fat was similarly related to liver fat in both nondiabetic subjects and type 2 diabetic patients (r ϭ 0.45, P Ͻ 0.0001). The volume of subcutaneous fat did not correlate with liver fat content in either group.
Relationships between insulin, glycemia, lipids, and liver fat content Liver fat content was similarly related to fasting serum insulin (r ϭ 0.55, P Ͻ 0.0001), C-peptide (r ϭ 0.40, P Ͻ 0.0001), A1C (r ϭ 0.34, P Ͻ 0.0001), fasting plasma glucose (r ϭ 0.29, P ϭ 0.0006), fasting serum triglyceride (r ϭ 0.36, P Ͻ 0.0001), and fasting serum HDL cholesterol (r ϭ Ϫ0.31, P ϭ 0.0002) concentrations in the nondiabetic subjects and the type 2 diabetic patients (Fig.  2) . Relationships between liver enzymes and liver fat content S-AST and S-ALT correlated with liver fat content in both nondiabetic subjects and type 2 diabetic patients. The slopes of the regression lines between S-ALT concentrations and liver fat content differed significantly between the nondiabetic subjects and the type 2 diabetic patients (P ϭ 0.004). For any given S-ALT, the type 2 diabetic patients had more liver fat than the nondiabetic subjects (Fig. 3) . Liver fat content did not differ between the groups at low S-ALT concentrations (10 -20 units/l) but was 70, 125, and 200% higher in type 2 diabetic patients compared with control subjects at S-ALT concentrations of 50, 100, and 200 units/l. At normal S-AST concentrations (15-45 units/l), liver fat content was 30 -70% higher in the type 2 diabetic patients than in the nondiabetic subjects. This increase rose gradually with increasing S-AST concentrations and averaged 80 and 130% at S-AST concentrations of 60 and 100 units/l. Serum liver enzyme concentrations did not differ between the subjects who were using statins compared with those who were not (S-AST median 29 units/l [interquartile range [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and 29 units/l , NS; S-ALT 35 and 33 units/l [24 -64] , NS). The relationship between liver enzymes and liver fat content did not differ between subjects who were and were not using statins in either group (data not shown).
CONCLUSIONS -In the present study, we used state-of-the-art methodology for quantification of liver fat in a large group of type 2 diabetic patients and carefully age-and sex-matched equally obese nondiabetic subjects. Liver fat content was on average 80% higher in the type 2 diabetic patients than in the nondiabetic subjects. This difference was not influenced by the type of antihyperglycemic treatment. Somewhat unexpectedly, S-ALT and S-AST were not related to liver fat similarly in the diabetic and nondiabetic subjects. Both S-ALT and S-AST underestimated liver fat content in type 2 diabetic patients. This underestimation became more pronounced at increasing concentrations of both S-ALT and S-AST.
In many previous studies, liver fat content, measured by proton magnetic resonance spectroscopy, has been found to exceed the upper limit of normal liver fat content (5.56%) (16) in type 2 diabetic patients. However, except for one study that included 10 nondiabetic control subjects (4), in these studies there was either no control group (5, 6, 11, (17) (18) (19) or the control subjects were not matched for body weight (20, 21) . It has thus remained unclear whether the increase in liver fat content has just been a consequence of obesity in type 2 diabetic patients. The present study suggests that type 2 diabetic patients have more liver fat at any given BMI than nondiabetic subjects and that the difference in liver fat content between the groups increases with increasing obesity. In keeping with Kelley et al. (4), intra-abdominal fat was similarly related to liver fat in both type 2 diabetic patients and nondiabetic subjects, and the type 2 diabetic patients had more intra-abdominal fat than the nondiabetic subjects.
The higher liver fat content in the type 2 diabetic patients could contribute to diabetic dyslipidemia. The fatty liver overproduces VLDL particles in both nondiabetic subjects and type 2 diabetic patients, which, in the face of unchanged VLDL clearance, increases serum triglyceride concentrations (21) . Hypertriglyceridemia in turn leads to low HDL cholesterol concentrations (22) . The similar relationship between triglycerides and HDL cholesterol concentrations and liver fat content in the diabetic patients and nondiabetic subjects (Fig. 2) combined with the kinetic study (21) suggests that excess liver fat indeed contributes to diabetic dyslipidemia.
An intriguing observation in the present study was that the type 2 diabetic patients had 40 -200% more liver fat at the same S-ALT and S-AST concentrations than the nondiabetic subjects (Table  2 ). Both enzymes thus underestimate liver fat in type 2 diabetes, and for any given amount of liver fat, S-ALT and S-AST are lower in type 2 diabetic patients than in normal subjects. Both S-ALT and S-AST increase in response to hepatocyte damage until hepatocytes are lost, and cirrhosis develops (23, 24) . To what extent the lower enzyme levels reflect a difference in hepatocellular damage cannot be determined from the present study.
It is important to develop tools to diagnose a fatty liver in type 2 diabetic patients because nonalcoholic steatohepatitis is more common in type 2 dia- Liver fat in type 2 diabetes betic patients than in nondiabetic subjects (25, 26) and can progress to cirrhosis and liver failure (27) . The present data suggest that if assessed using S-ALT or S-AST, hepatic steatosis is underestimated in type 2 diabetic patients compared with equally obese nondiabetic subjects. Thus, there is a need to develop new serum markers of steatosis to complement S-AST and S-ALT, which have been used in the clinic for almost 50 years (28) .
